The objective of this study was to investigate (1) whether the reproductive phenology of Psychotria tenuinervis Muell. Arg. is influenced by climatic conditions (precipitation and temperature); (2) whether there are differences in the reproductive phenology of P. tenuinervis between fragments (fragment scale); and (3) whether there are differences in the reproductive phenology of P. tenuinervis among anthropogenic edges, natural edges, and in the forest interior within a fragment (habitat scale). The patterns of flowering and fruiting found in 2002 and 2003 were similar between forest fragments, and proximate factors were not very important in determining the reproductive phenology of P. tenuinervis. There was phenological similarity among the three habitats on a habitat scale, probably because of the extensive heterogeneity within each habitat, with the percentage of flowering and fruiting individuals and the intensity and duration of these phenophases varying among the sample plots. This high variability within habitats indicated that factors other than the distance from the edges (i.e., gaps, matrix composition, and edge age) probably had a greater influence on the reproductive phenology of P. tenuinervis. These results also indicate that heterogeneity within fragmented habitats needs to be considered in conservation and management programs for fragmented landscapes.
Introduction
The phenological patterns displayed by plants are adaptations to the surrounding abiotic and biotic environments (van Schaik et al. 1993) . Phenological variations generally are a consequence of the influence of proximate environmental cues (precipitation, water stress, and radiation) that initiate reproductive phases and of ultimate factors that select for particular reproductive phenologies (the need for outcrossing between individuals, as well as pollinators, seed dispersers, and predators) (Piñero and Sarukhan 1982; Adler and Kiepinski 2000) .
Abiotic factors can influence reproductive seasons either directly, by affecting the ability to produce flowers and fruits, or indirectly, by affecting pollen and seed vectors (Rathcke and Lacey 1985) . For instance, many plant species flower in response to temperature, which usually acts through cumulative heat sums above a certain threshold. Flowering is also often induced by rainfall in seasonal tropical forests, with heavier rains increasing the synchronization of flowering within populations of some tropical trees (Rathcke and Lacey 1985) . On the other hand, biotic processes, such as the availability of biotic agents in some seasons, the attraction of pollinators and dispersers, and predator satiation (van Schaik et al. 1993) , can influence phenological responses. Thus, the arrival of migratory birds may be timed to the flowering of hummingbird-pollinated or bird-dispersed plants (van Schaik et al. 1993) .
Flowering and fruiting often vary not only seasonally (Foster 1996) but also within and among populations (Smith and Bronstein 1996) . The first step in studying reproductive performance is to identify the spatial and temporal patterns of reproductive activity. Such studies are important because they lay the foundation for identifying proximate cues and ultimate factors that underlie phenological patterns (Adler and Kiepinski 2000) . Hence, plants of different populations may display different phenologies if proximate cues are important because these populations will be under distinct climatic parameters, such as rainfall and temperature. However, if the same ultimate factors underlie these patterns, then the patterns of flowering and fruiting among the populations should be similar. The exception to this would be selection for phenotypic plasticity, which could foster variation among populations in response to minor microclimatic differences.
Forest fragmentation on a fragment scale can isolate and support discrete populations of plants (Metzger 1999) and facilitate the identification of differences and changes in the patterns of reproductive activity among populations that may be under distinct climatic conditions. On a habitat scale, the formation of abrupt limits, or edges, between forested and deforested areas (matrix) may alter the abiotic conditions within patches (Poulin et al. 1999; Debinski and Holt 2000) . In addition to changes in the environmental conditions that result from the proximity to a structurally dissimilar matrix (Bierregaard et al. 1992) , the creation of an anthropogenic edge may also stimulate direct biotic modifications, such as variations in the presence and quantity of flowers and fruits Feinsinger 1994a, 1994b; Murcia 1995) and in the time and duration of flowering and fruiting (Rathcke and Lacey 1985) . Natural edges (limits between forests and rivers, streams, or lakes) may also show abiotic and biotic differences relative to the forest interior (Corbet 1990; Mattlack 1994) . Hence, both abiotic changes and alterations in the composition and behavior of floral visitors may directly affect plant reproduction close to anthropogenic and natural edges.
The objective of this study was to investigate (1) whether the reproductive phenology of Psychotria tenuinervis Muell. Arg. was influenced by climatic conditions (precipitation and temperature); (2) whether there were differences in the reproductive phenology of P. tenuinervis plants between forest fragments (fragment scale); and (3) whether there were differences in the reproductive phenology of P. tenuinervis plants at the anthropogenic edges, natural edges, and in the forest interior within a fragment (habitat scale).
Materials and methods

Study species
The family Rubiaceae has a wide, mainly tropical distribution and contains 400-500 genera (Barroso 1991) . The genus Psychotria is pantropical and contains mainly shrubs (Gentry and Dodson 1987 as cited by Valladares et al. 2000) that have distylous flowers (pin and thrum), with most species showing incompatibility within the same individual and morph (Bawa and Beach 1983; Hamilton 1990) . Psychotria tenuinervis is a nonclonal species with distylous flowers that shows incompatibility among flowers of the same individual and the same morph (Bawa and Beach 1983; Hamilton 1990 ). The flowers of this species are pollinated by insects, mainly bees (especially Apis mellifera in the area studied), and the fruit is fleshy, with one to three seeds that are probably dispersed primarily by birds, like other Psychotria species (Paz et al. 1999 , Loiselle et al. 1995 . Psychotria tenuinervis was chosen because it was very abundant in the areas studied, it occurred in the understory of the three habitats (anthropogenic edge, natural edges, and forest interior) within the fragment at Hotel Fazenda Serra da Castelhaña (SC), and it produced flowers and fruits at a relatively low height above the ground. The density of individuals did not vary among habitats (F.N. Ramos and F.A.M. Santos, data not included; V. Rosseto, F.N. Ramos, and F.A.M. Santos, data not included).
Study area
This study was done on two scales: fragment and habitat.
Fragment scale
For the fragment-scale studies, five forest fragments, classified as evergreen forests or ombrophilous dense forest (Radambrasil 1983) , were selected in the State of Rio de Janeiro, southeastern Brazil. Four of these fragments were in conservation units, namely Parque Estadual da Pedra Branca (PB), Parque Estadual do Mendanha (ME), Parque Estadual da Serra da Tiririca (ST), and Parque Nacional da Floresta da Tijuca (FT), and one was in a private area, Hotel Fazenda Serra da Castelhaña (SC), at Saquarema (Table 1) . The rainfall and temperature varied among the fragments (data not included). The fragments were selected by visiting 10 fragments close to the main highways in southern and southwestern Rio de Janeiro State and choosing those with an easy access. Only the fragments mentioned above had populations of P. tenuinervis, based on herbarium records of collected vouchers or on their similarity to such collection sites. The distances among the fragments varied from about 16 to 110 km.
Habitat scale
The habitat-scale study was performed at the SC forest fragment, one of the five forest fragments studied on the fragment scale. It is located in the coastal Serra de Palmital, at Saquarema, in the state of Rio de Janeiro, Brazil. This area consists of about 1200 ha of Atlantic forest, with hills varying from 30 to 400 m in altitude and has not been deforested, probably because its rough topography is not appropriate for cropland and cattle pasture. For logistical reasons, the study was done on a 180 ha area (22850'S, 42828'W) of the Serra de Palmital. The forest of the study area was surrounded by pasture and cropland, which created anthropogenic edges (Fig. 1) . Within the forest there was a stream 2-5 m wide and 700 m long that created a natural edge with the forest. We studied the phenology of P. tenuinervis in three habitats: (1) the edge of the forest with pasture and cropland (AE, anthropogenic edges~50 m from the pasture), (2) the edge of the forest with the stream (NE, natural edges~50 m from stream), and (3) the forest interior (FI, 200 m or more from any edge).
The lack of vegetation outside the fragment along the anthropogenic edges increases the amount of sunlight and the temperature oscillations within the forest. These abiotic changes could produce direct and indirect biotic changes in the plant population near the edge, including flower and fruit production and maturation. The plants near the stream may also be subjected to abiotic changes such as those along the anthropogenic edge because of the gaps formed in the canopy between the two sides of the stream. In some areas where the stream was wider or the canopy was smaller, there were more sunlight and temperature oscillations. These abiotic alterations could also influence the plant phenologies, even for plants 50 m away from the stream. The effects of forest fragmentation can penetrate more than 150 m from the edge and may be detected up to 500 m into a fragmented forest (Laurance 2000) .
There were no significant differences in the minimum temperature, soil moisture, or canopy openness among the three habitats (AE, NE, and FI), mainly because of the great variation in these parameters within each habitat. However, AE showed the greatest average maximum temperature and amplitude, while NE had the lowest values (data not included). The climate was classified as Cwa based on the Köppen system (Veanello and Alvez 1991) .
Methods
The observations on reproductive phenophases were done monthly in all areas (fragments or habitats), from January 2002 to December 2003. The phenology of P. tenuinervis individuals taller than 1 m (smallest observed height for reproductive individuals of this species) was monitored in 10 m Â 50 m sample plots (divided into five 10 m Â 10 m subplots), established randomly in each fragment or habitat depending on the scale studied. In each of the 5 fragments on the fragment scale, 1 plot with 50 P. tenuinervis individuals was randomly selected. For habitat-scale areas, 5 sample plots with 20 P. tenuinervis individuals were randomly selected in each habitat (AE, NE, and FI). The distances among sample plots varied from 150 to 883 m. Within the plots, all P. tenuinervis individuals were marked, and later, 10 and 4 individuals were sorted within each subplot ( Fig. 1) on the fragment and habitat scales, respectively.
Flowering was defined as the presence of flower buds and (or) open flowers, and fruiting was defined as the presence of unripe and ripe fruits. Fournier (1974) methods were used to score the intensity of phenological events and to calculate the monthly percentage of activity for each area. The intensity of phenological events was estimated according to an interval scale varying from 0 to 4, with a 25% interval between classes. The Fournier's percent index of intensity was calculated:
where % de Fournier is the sum of each individual's Fournier percentage in the population divided by the maximum value of Fournier that could be achieved by all the individuals (N) in the population (Fournier 1974) .
Statistical analysis
The phenological patterns of the reproductive activity of P. tenuinervis in each forest fragment and in each habitat were compared and analyzed using circular statistics (Batschelet 1981; Milton 1991; Davies and Ashton 1999; Morellato et al. 2000) . The dates of the phenological events were converted to angles, where 08 represented January and 3308 represented December, with intervals of 308. The mean angle (a), the mean date (time converted from mean angle), the vector length (r) (the concentration around the mean angle), and the circular standard deviation were estimated for each forest fragment (Zar 1996) .
The mean angle (a) or mean date indicates the average date of peak reproductive activity among the individuals. The vector r has no units and indicates the degree of aggregation among individuals or synchrony of reproductive activity. The length of this vector may vary from 0 (when phenological activity is distributed uniformly throughout the year) to 1 (when phenological activity is concentrated around a single date or time of the year). Although high r values generally indicate aggregated phenological behavior, the Rayleigh test (z) was used to determine whether the distribution of phenological activity was significantly nonrandom, or if there was seasonality (Batschelet 1981) . When the mean angle was significant, we used two-sample Watson-Williams tests (F) to compare the mean angle (a) of each phenological variable between forest fragments to determine whether the fragments showed the same seasonal pattern.
Differences in the mean duration (in months) of flowering and fruiting of P. tenuinervis individuals among forest fragments (fragment scale) were tested by one-way ANOVA. The differences among the three habitats (AE, NE, and FI) within the fragment (habitat scale) were tested with a twolevel nested ANOVA (Zar 1996) . In the nested ANOVA, the factors tested were the habitats (fixed factor), the five sample plots per habitat (nested within habitat), and the duration (in months) of flowering and fruiting of P. tenuinervis individuals (nested within sample plots, within habitat). Habitat, sample plots, and the individuals of P. tenuinervis were tested against the corresponding next lower hierarchical level. The five sample plots and the individuals were randomly sampled, and both were considered as random ef- fects. To improve the homoscedasticity and normality of the distributions, the data were square-root transformed (Zar 1996) . The back-transformed means are shown in the tables and figures.
Correlation coefficients were calculated between the phenophase (intensity of flowering and fruiting) of each fragment and its climatic factors: normal rainfall, monthly total rainfall for the same and previous years, normal mean, minimal and maximal temperatures and mean, minimal, and maximal monthly temperature. Since most of the distributions were not normal, even after various types of transformations, Spearman's rank correlation test was used. The precipitation data were obtained from Serla (Secretaria Estadual de Rios e Lagoas) and the temperature data, from InMet (Instituto Nacional de Meteorologia).
Results
Fragment scale
The flowering patterns were similar among the five forest fragments: all of them displayed a flowering peak during the last months of the year, from October to December in both years. SC and FT also displayed a preliminary early peak of flowering in both years (Fig. 2) . Despite the similarity in flowering pattern, in three forest fragments in 2002 ( (Table 2) . However, flowering intensity, or the mean quantity of flowers produced by an individual, was almost always <50% for all fragments in both years (Fig. 2) (Table 2) .
Overall, in 2002, the fragments had a fruiting peak from November to December after the flowering peak, except for ME, which had a low fruiting peak. In 2003, the fragments had a fruiting peak from January to June (Fig. 2) . In three forest fragments in 2002 ( (Table 2) . However, the fruit intensity was almost always <40% for all fragments in both years (Fig. 2) .
The mean dates of fruiting differed among the forest fragments in 2002 and 2003 (p = 0.049 to 0.0001 in both years). However, fruiting in almost all fragments was seasonal, but at a lower concentration (low values of r) in both years, mainly because of the long duration of fruiting (Table 2) . SC and FT had the shortest fruit-bearing period in 2002 (F [4, 118] = 9.4; p = 0.0001), and ME and SC had the shortest fruiting period in 2003 (F [4, 131] = 3.8; p = 0.006) ( Table 2) .
Only in the SC and FT fragments was there a significant correlation between the flowering patterns and climatic con- 
Habitat scale
Among habitats
In both years, the populations of all habitats displayed two flowering peaks (except for NE in 2003), with the first being greater than the second in 2002, and the second being greater than the first in 2003 (Fig. 3) . More than 50% of individuals bore flowers per habitat, with no difference among them in 2002 ( (Table 3) . Additionally, the flowering intensity was low (<50%) for all habitats in 2002, but high (>50%) for AE and FI in 2003. AE showed the highest value in both years ( Fig. 3) . All of the three habitats showed seasonality in flowering, with a low concentration (r < 0.50) in both years (Table 3 ). In addition, AE had the greatest number of months with flowering in 2002 (F [2, 12] Table 3) .
The fruiting patterns within each year were similar among the three habitats, but were the opposite between years. In 2002, the populations of all habitats showed a fruiting peak from September to December, after the flowering peak (Fig. 3) , whereas in 2003, they displayed a fruiting peak from January to June that resulted from the flowering period of the previous year (Fig. 3) . More than 50% of individuals bore fruit per habitat, with no differences among the habitats in 2002 ( Table 3 ). The fruit intensity was always <30% in all habitats in both years (Fig. 3) . All of the three habitats displayed seasonality in fruiting, with a low concentration (r < 0.50) in both years, except for FI in 2002 (Table 3 ). There was no significant difference among the habitats (F [2, 192] = 0.8; p = 0.43) in 2003, but AE had the greatest number of months with fruiting and FI, the smallest number in 2002 (F [2, 12] = 11.9; p = 0.001) ( Table 3) .
Within habitats
The patterns of flowering were similar within habitats in both years (Fig. 4) . The number of flowering peaks decreased from two in 2002 to one in 2003, as did the intensity of flowering, which varied among the sample plots within each habitat (Fig. 4) . More than 50% of the individuals bore flowers in all sample plots within each habitat in 2002, with no differences among the plots (Table 4) . However, in 2003, the number of P. tenuinervis individuals bearing flowers was more heterogeneous (high and low percentages), and there were differences among the plots (Table 5 ). The flowering intensity was <50% for almost all sample plots within the three habitats, in both years. Although all sample plots in each habitat displayed seasonality in flowering, with a low concentration (r < 0.50), the mean dates of flowering differed among them in both years (Tables 6 and 7) . Whereas in 2002 there were differences in the number of months with flowers among the sample plots at only NE, there were differences among the sample plots at FI and NE in 2003 (Table 5 ).
The fruiting patterns were similar among the five sample plots of each habitat, with all populations showing two fruit- (Fig. 5) . In most AE and NE sample plots >50% of the individuals bore fruit in 2002, while among the IF sample plots there was marked variation. However, in 2003, there was greater variation among the sample plots of all habitats, except for NE (Table 5 ). The fruit intensity was <50% for almost all sample plots in each habitat in both years (Fig. 5) . All sample plots of each habitat showed seasonality in fruiting in both years. However, in 2002 there was a greater range in the fruiting concentration (values of r) in most cases because some sample plots displayed fruiting throughout the year (low r values), while others displayed fruiting that was more concentrated in the second semester (high r values). On the other hand, in 2003, there was a lower fruiting concentration, as indicated by the r values <0.50 (Tables 6 and  7 , Fig. 5 ). The sample plots within the three habitats differed in the number of months with fruit in 2003, but there were differences among only NE sample plots (Table 4) .
Discussion
General phenological pattern
Psychotria tenuinervis produced flowers for 1-3 months, whereas the fruiting lasted from 3 to 6 months per year. In general, the phenological pattern of P. tenuinervis was similar to that reported for 12 other Psychotria species: 6 in São Paulo (Martin-Gajardo 1999) and 2 in Rio de Janeiro (Almeida and Alves 2000), southeastern Brazil, and 4 on Barro Colorado Island, Panama (Wright 1991) . Some of these species also displayed more than one flowering peak and showed a long period of fruiting, as seen with P. tenuinervis. Poulin et al. (1999) also found a low concentration of fruiting in 19 Psychotria species in Panama, with 4-12 months of fruiting. This similarity in the phenological patterns among many Psychotria species may indicate that these patterns are constrained by phylogenetic inertia, at least at the genus level. For example, Smith-Ramirez et al. (1998) found phylogenetic inertia at the family level in Chilean Myrtaceae. According to the classification of Newstrom et al. (1994) , P. tenuinervis has an annual phenological cycle.
The synchronous production of flowers by many individu- Table 3 for habitats definitions. For each habitat, values followed by different letters within a column are significantly different. als of P. tenuinervis of the same population (fragment or habitat) during a short period is typical of entomophilous species (Morellato 1991; Smith-Ramirez and Armesto 1994) and provides a greater attraction for pollinators (Kato and Hiura 1999) . The presence of a high number of pollinators at the same time could increase the pollination and outcrossing among P. tenuinervis individuals. This could, in turn, increase the quantity and quality of seeds produced and could have a major impact on the population dynamics of this shrub species.
Additionally, the long period of P. tenuinervis fruiting, which bears fruit with two medium to large seeds (about 18 g each, data not included), agrees with the hypothesis by McKey (1975) that tropical plants with long fruiting periods produce a rich fruit pulp and a few large seeds, thereby directing their fruit to be consumed by less generalist bird species. An assessment of the dispersion of P. tenuinervis seeds by birds is necessary to confirm this relationship. The P. tenuinervis fruit were dispersed (end of fruiting) at the end of winter -beginning of spring. The seedlings that are recruited early will grow in the rainy season and have a greater chance of survival. These results suggest that there is only one recruitment episode (beginning of summer) in the P. tenuinervis population dynamics, although this conclusion needs to be confirmed.
Forest fragments
The patterns (curve, peak, concentration, seasonality) of flowering and fruiting found in the two years, as well as the duration of flowering, were similar among the forest fragments, even in some forest fragments with different climatic patterns. However, the intensity of each reproductive phenophase, the number of individuals present in each one, and the duration of fruiting, were variable. These results suggest that the general pattern of reproductive phenology in P. tenuinervis may be influenced by evolutionary factors (ultimate factors), since there was no consistent relationship with abiotic factors (proximate factors). Perhaps the distances among the fragments (from 16 to 110 km), or other characteristics, such as elevation or sun orientation, were not sufficiently great to allow the detection of climatic differences that could influence the reproductive phenology of P. tenuinervis.
In plant species with biotic pollinator and seed dispersers, the activity periods of their animal vectors are a major selective force on the time of flowering and fruiting. Since plants provide important food resources for these biotic agents, animals need to maximize their foraging efficiency in accordance with the number and distribution of flowers and fruit available over time (Levin and Anderson 1970; Thomson 1980; Smith-Ramirez et al. 1998) .
Fragment interior and edges
In forest fragments, the formation of edges between the forest and deforested areas (matrix) may alter the abiotic conditions (e.g., temperature, humidity) of the forest close to the edge (Poulin et al. 1999; Debinski and Holt 2000) . These abiotic changes may also stimulate direct biotic modifications in plants, including the presence and number of flowers and fruits Feinsinger 1994a, 1994b; Murcia 1995) , and the time and duration of the reproductive phenology (Rathcke and Lacey 1985) . Abiotic changes and alterations in the composition and behaviour of the floral visitors may directly affect plant reproduction near the edges. Natural edges (limits between forests and rivers, streams or lakes), as well as anthropogenic edges, may also show abiotic and biotic differences in relation to the forest interior (Corbet 1990; Mattlack 1994) .
However, in our study, there were few differences among the three habitats within fragment SC. Only the anthropogenic edge (AE) showed greater flowering and fruiting intensity than the other two habitats, perhaps because of the higher maximal temperatures present here (Ramos and Santos unpublished, see study area); the other microclimatic factors, such as minimal temperature, canopy openness, and soil moisture, did not differ among the habitats (F.N. Ramos and F.A.M. Santos unpublished, see Study area). The different microclimatic conditions at AE apparently influenced only the intensity but not the timing of the phenological response when compared with the other two habitats. Only one study has compared the plant phenology between edges and the forest interior (Williams-Linera 2003) . In this case, the patterns of flowering and fruiting were simi- Note: See Table 3 for habitat definitions. N, number of shrubs. Values followed by different letters within a row are significantly different. The Rayleigh test of uniformity (P) for all fragments in both years and both phenological phases was 0.01. Table 3 for habitat definitions. N, number of shrubs. Values followed by different letters within a row are significantly different.The Rayleigh tests of uniformity (P) for all fragments in both years and both phenological phases was 0.01. lar between edges and the fragment interior, as also seen here. Williams-Linera (2003) also showed that for five Mexican species, the intensity of flowering and fruiting in edge habitats was greater than inside the fragment (10-50 m from the edges). Some rain-forest species are adapted to low light levels in closed canopies, but their growth and reproduction are enhanced by exposure to more light along the edges and in small gaps within the forest (Chazdon 1986; Marquis 1988; Levey 1990 ). In addition, although a few studies have examined flower and fruit production (not the phenological pattern) in fragmented habitats of different sizes (Ghazoul and McLeish 2001; Bruna and Kress 2002; Tomimatsu and Ohara 2002) , we have found no reports comparing the flower and fruit production of fragment edges with the fragment interior.
This study suggests that factors other than the distance from the edges can influence the reproductive phenology of P. tenuinervis, since there was marked variation or heterogeneity in the reproductive patterns among the sample plots within each habitat (fragment interior, anthropogenic edge, and natural edge). This great variation among the sample plots within each habitat probably masked any differences among the habitats. Factors such as the presence of gaps (Piñero and Sarukhan 1982; Kursar and Coley 1992) , the matrix composition (Mesquita et al. 1999) , and (or) edge age (Restrepo et al. 1999; Williams-Linera 2003) can influence plant survival, and reproduction and may be responsible for the marked variation seen among sample plots within habitats.
Conclusion
The results of this work suggest that the general fragmentscale pattern of the reproductive phenology in P. tenuinervis is influenced by evolutionary factors (ultimate factors). On a habitat scale, the marked heterogeneity and the probable importance of factors other than proximity to an edge could be very important in conservation programs. Hence, other factors should be taken into consideration when modeling and evaluating the availability of edge and interior habitats in fragmented landscapes and in designing natural reserves (Restrepo et al. 1999 ). Since the sample plots studied here were about 50 m from the edges, edge effects may be much more pronounced closer to the edge.
